Sexual selection theory predicts that because male reproductive success in mammals is limited by access to females, males will attempt to defend access to mates and exclude rivals from mating. In mammals, dominance rank is correlated with male reproductive success; however, the highestranking (alpha) male rarely monopolizes reproduction completely. To explain why, incomplete control models propose that alpha males simply cannot control other males' access to mates. If true, then dominance rank should be a key factor influencing subordinate (non-alpha) male mating success. Alternatively, the concession model states that alpha males can prevent other males from gaining access to mates but posits that they concede matings to subordinates in exchange for social favours. This predicts that a male's grooming interactions with the alpha should mediate his access to females. We test these predictions using 36 years of data, encompassing the tenures of eight alpha male chimpanzees at Gombe National Park, Tanzania. Incomplete control models were most strongly supported. At a given copulation event, the probability that the alpha was the male that mated was negatively associated with the number of males and sexually receptive females in the party. Additionally, as the number of males increased, high dominance rank was associated with an increased likelihood that a particular non-alpha male mated. The concession model, however, was also supported. The amount of time a male spent grooming with the alpha was positively associated with his likelihood of mating when the alpha was present in the party. As grooming is a major affiliative component of male social relationships, our results suggest that social bonds with dominant individuals are leveraged for mating access, particularly in species in which males form coalitions.
Introduction
Sexual selection theory predicts that because male reproductive success in mammals is limited by access to females [1, 2] , males will attempt to defend access to mates and exclude rivals from mating. This prediction is generally supported across mammals, in which high-ranking individuals achieve the greatest reproductive success (reviewed in [3, 4] ). However, even in species with high reproductive skew, complete monopolization of females is rare. Reproductive skew theory has produced two general explanations for why dominant individuals do not monopolize reproduction within a group. Incomplete control models hypothesize that dominant individuals have limited control over access to mates and simply cannot prevent others from mating [5] . For example, in primates, many factors limit a dominant male's ability to monopolize mates, including female reproductive synchrony and the number of male competitors [6] , as well as alternative reproductive strategies such as male-male coalitions and female mate choice (reviewed in [7] ).
By contrast, the concession model [8] assumes that dominant individuals are capable of controlling access to mates but posits that they concede reproductive opportunities to lower-ranking individuals as an incentive for them to stay in the group or in exchange for social favours. Empirical support for the concession model among mammals is limited. In dwarf mongooses (Helogale parvula), subordinate females are hypothesized to receive breeding opportunities to discourage them from dispersing and, as predicted by the concession model, their reproductive success increases with age [9] . However, older individuals may be more capable of resisting efforts to suppress their breeding, so the incomplete control model cannot be ruled out [8] . Similarly, reproductive skew in male African lions (Panthera leo) is consistent with the concession model, in that coalitions of unrelated males have lower reproductive skew than those involving relatives, but female reproductive synchrony and differences in coalition size among unrelated and related males present more parsimonious explanations for this pattern [8, 10] .
Across primates, incomplete control models have received considerable empirical support in both comparative analyses [11, 12] and studies of single populations (reviewed in [6] ). By comparison, the concession model remains greatly understudied and has been supported in just a few species (Eulemur rufifrons: [13] , Gorilla beringei: [14] , Papio ursinus: [15] , Theropithecus gelada: [16] ). In one compelling example, dominant male geladas that tolerated the presence of subordinates benefited by receiving assistance in defending their reproductive unit from immigrant males, resulting in longer tenures [16] . However, few studies, in primates or mammals more generally, have investigated the concession model in species in which males reside in their natal groups for life. In these societies, there is no selective pressure for alpha males to provide 'staying incentives' (reproductive opportunities) to keep subordinates from dispersing; however, concessions may nevertheless be a beneficial strategy if males exchange services and/or form coalitions in mating or dominance contexts [8] .
Chimpanzees (Pan troglodytes) live in large multi-male/ multi-female groups ('communities') that exhibit high fission-fusion dynamics [17] in which members travel in subgroups ('parties') that frequently change in size and composition [18] . Adult males remain in their natal community for life [18] , and alpha males sire 30-50% of offspring [19] [20] [21] [22] . Male-male coalitions are a regular feature of chimpanzee social behaviour (reviewed in [23] ) and are associated with increased fitness in non-alpha males [24] . Consistent with incomplete control models, the number of sexually receptive females [19, 22] and male competitors [21] are both negatively associated with reproductive skew. Incomplete control is intensified by alternative reproductive strategies, including mating consortships [22, 25] and male sexual coercion [26] [27] [28] . Female and male mate preferences [29, 30] , sperm competition [21, 22] , male-female socio-spatial relationships [31] , and groomingfor-mating exchanges between males and females [28] also reduce male reproductive skew.
Only one study to date has directly investigated the existence of mating concessions in chimpanzees. Duffy et al. [32] found that one alpha male (at Kanyawara in Kibale National Park, Uganda), over a 22 month period, was least likely to interfere in the mating attempts of males that most often supported him in cooperative coalitions. This effect remained after controlling for subordinate male rank, which was not associated with mating success. These findings suggest a possible trade-off between an alpha male's incentive to monopolize access to females and his motivation to maintain alpha status [32] . However, despite providing evidence of concessions, this study analysed the behaviour of a single alpha male, preventing generalization across other individuals and populations.
Here, we present 36 years of data from Gombe National Park, Tanzania, to investigate mating skew in male chimpanzees. We characterize factors influencing variation in alpha male mating monopoly, and test the relative contributions of the incomplete control and concession models in explaining variation in subordinate male mating success. Incomplete control models predict that alpha male mating monopoly will be reduced in parties with more male competitors and sexually receptive females. The incomplete control model also predicts that among non-alpha males, mating success should increase with dominance rank. Alternatively, the concession model predicts that a subordinate male's access to females will be mediated by his grooming interactions with the alpha male, either in the context of a larger social bond (including coalitionary support of the alpha) or in exchange for mating tolerance.
Material and methods (a) Study site and data collection
Gombe National Park, Tanzania, is located on the eastern shore of Lake Tanganyika. It consists of 35 km 2 of evergreen riverine forest, deciduous woodland, and grassland [33] . The Kasekela chimpanzee community (P. t. schweinfurthii) has been studied continuously since 1960 and became fully habituated by 1966 through banana provisioning at a feeding station, which continued at low levels until 2000 [34] . Since 1973, Tanzanian field assistants have conducted full-day focal observations on members of the Kasekela community [18, 34, 35] . Observers follow each individual that travels independently of its mother approximately once per month, although the alpha male is often followed with greater frequency [36] . During these focal follows, one observer records party composition and female anogenital swelling size (an external indicator of sexual receptivity, with 0 indicating no swelling and 1 a maximal swelling) on check sheets. A second observer records a continuous narrative of the behaviour of the focal chimpanzee, while also recording conspicuous non-focal activities such as mating and submissive pant-grunt vocalizations.
A relational database of information extracted from the check sheets and narrative notes is maintained at Duke University and Arizona State University. In addition to behavioural data, the database also contains detailed demographic information. Ages were estimated based on size, appearance, and sightings of the mother (for details, see [37] ).
(b) Analysis
We used behavioural data from 1976 to 2011, encompassing the tenures of eight alpha male chimpanzees (electronic supplementary material, table S1).
(i) Mating events
We identified successful copulations (intromission) that were observed during focal follows. We restricted our analyses to copulations involving males more than or equal to 12 years old ('males' hereafter) because at this age males can sire offspring and thus represent reproductive competition to the alpha [22] . We only analysed copulations with maximally swollen parous females, which receive the most attention from adult males [18, 30] . Although typically conspicuous and accompanied by vocalizations, some mating events involving non-focal chimpanzees may have been missed; however, it is unlikely that copulations by particular individuals were systematically overlooked. (ii) Dominance rank
We extracted all pant-grunt vocalizations (formal signals of submission in chimpanzees [18] ) between males that were observed at either the feeding station or during focal follows. These interactions were used to calculate male Elo ratings [38, 39] , which have several advantages over other dominance metrics, including the ability to determine a subject's rank on any date while also accounting for demographic changes and missing data [40] . The hierarchies produced from Elo ratings have been validated against other widely used methods such as I&SI and the David's score [40] . We set k, which influences the amount that ratings change after an interaction, to 200, although this variable does not influence the average rating of a group [38] . We set the starting score of individuals entering the hierarchy at 1 000, and only included individuals with at least nine interactions [38] .
(iii) Grooming
To quantify grooming interactions between the alpha male and each subordinate male, we calculated a dyadic grooming index at roughly annual periods from 1978 through 2011 (mean + s.d. ¼ 365.2 + 37.0 days), with the intervals varying based on the start and end of each alpha male's tenure. We included dyads only if they had been present in the same party (and one was focal) for at least 30 h during a given period. On average, during each alpha's tenure, only one dyad did not meet this criterion (range ¼ 0-3).
The grooming index equalled the amount of time that alpha male A spent grooming (giving, receiving, and mutual) with male B, divided by the amount of time the two spent in the same party. Because association time is expected to increase grooming time, this index measures the tendency for two individuals to groom, given that they are already together. Across the study period, the index was calculated based on either scansamples or narrative notes during focal follows of either A or B (for details, see [41] ). For years when both scans and narrative notes were available, the two methods were highly correlated (Pearson's r ¼ 0.79, p , 0.0001, N ¼ 638 dyadic grooming rates). Because the duration of some bouts in the narrative were uncertain, we only included those for which the observers had recorded precise start and end times (73.8%, N ¼ 15 703 bouts).
We also used a second grooming index that equalled the number of minutes that alpha male A spent grooming with male B, divided by the total sum of minutes that A spent grooming with all males. This metric does not adjust for time spent together. The results were unaffected by which index was used; we present results from just the first index.
(iv) Statistical analyses
We conducted all statistical analyses in R v. 3.1.3 [42] using the lme4 (v. 1.7-1, [43] ) and multcomp (v. 1.4-1, [44] ) packages.
Analysis 1: factors influencing the degree of alpha male mating monopoly. To characterize variation in alpha male mating monopoly, we ran a generalized linear mixed model (GLMM) on copulations between 1976 and 2011 (N ¼ 4 994) when the alpha was in the party. For each mating, the model used a binomial error structure and a logit link function to estimate the probability that the copulating male was the alpha (Y/N). We included five main effects: (i) number of males in the party, (ii) number of maximally swollen parous females in the party, (iii) whether the female was closely related (mother, maternal sibling, or maternal niece, all of which can be identified via behavioural cues) to the alpha (Y/N), (iv) whether the alpha was the focal subject (Y/N), and (v) alpha identity. We predicted that being the focal subject (and therefore more likely to be observed and recorded) would increase the probability that the alpha was the copulating male. By contrast, alpha males should be less likely to mate with closely related females. After controlling for these factors, incomplete control models predict that the number of males and maximally swollen females present should reduce the likelihood that the alpha copulates. We included the identities of the male and female that mated as random effects. To determine which alphas differed in their tendency to monopolize matings, we conducted Tukey contrasts of the 'alpha identity' factor.
Analysis 2: factors influencing subordinate male mating success. To further investigate variation in mating success, we examined which non-alpha males successfully copulated when the alpha was present. The incomplete control model predicts that high male dominance rank should be positively associated with increased subordinate mating success. The concession model predicts that the amount of time that a male grooms with the alpha will be positively associated with mating success. We standardized the grooming index and dominance rank variables by applying Z-transformations within each alpha male's tenure, thereby controlling for variation in alpha gregariousness levels and average group Elo ratings.
Between 1978 and 2011 (for which dominance and grooming data were available), we identified all copulations by non-alpha males that occurred in parties that included the alpha male and at least two other males (N ¼ 3 116 ). We used a random slope GLMM (with binomial error structure and a logit link function) to estimate the probability that a particular non-alpha male copulated (Y/N). Thus, each non-alpha male present for a given copulation was represented by a single row in the dataset. The model included three main effects: (i) the male's rate of grooming with the alpha (dyadic grooming index), (ii) the male's dominance rank (i.e. Elo rating), and (iii) whether the male was closely related (Y/N, as defined above) to the female that copulated. We also included male age because rank and grooming with the alpha may reflect age-specific patterns of dominance and association, respectively. Consistent with a previous study of males in this population [22] , we divided age into six bins: 12 to 14 years, 15 to 19 years, 20 to 24 years, 25 to 29 years, 30 to 34 years, and more than or equal to 35 years. Additionally, we included random slopes of 'alpha identity' on (i) Elo rating and (ii) grooming rate, because the nature of these effects may vary between alphas [45] . We included male identity, female identity, alpha identity, and mating event as random effects.
Because an alpha might behave differently toward related females, we tested for an interaction between the maternal relatedness of a mating female and the alpha (Y/N) and our two main predictor variables, grooming rate and dominance rank. Lastly, because the number of male competitors in a party may influence (i) whether an alpha male can concede matings, and (ii) the consequences of male rank, we tested for an interaction between the two main predictor variables and the number of males in the party. Only the interaction between the number of males and dominance rank was significant. All other interactions did not improve model fit and were removed.
We tested for muliticollinearity using the corvif function [46] . All variance inflation factors were less than 1.3.
Results (a) Analysis 1: factors influencing the degree of alpha male mating monopoly
There was significant variation in the degree to which alpha males monopolized matings with maximally swollen parous females (table 1), after controlling for (i) the number of males and maximally swollen parous females, and whether the alpha was (ii) the focal, or (iii) a close maternal relative of the female. An alpha male was more likely to be the copulating male if he was the focal subject. As predicted by incomplete table S2 ). GB, the male with the highest mating probability, was significantly more likely to acquire matings than was FR (b ¼ 1.46, s.e. ¼ 0.25, p , 0.001), the alpha male with the second-highest mating probability. FR had significantly higher mating probability than all of the remaining alpha males except WL. There were several other significant differences in mating monopoly among the remaining pairs.
(b) Analysis 2: factors influencing subordinate male mating success
The Elo rating and grooming index values of non-alpha males that successfully copulated were, on average, higher than the mean values of all non-alpha males in the party in which a given mating took place (Elo rating: þ14%; grooming index: þ27%; figure 1 ). After controlling for maternal relatedness to the copulating female, grooming rate with the alpha, and male age, we found that a non-alpha male's dominance rank was positively associated with the likelihood that he was the copulating male (table 2). This was driven by a statistically significant interaction between rank and the number of males present (figure 2). Specifically, as the number of males increased, high dominance rank became a stronger predictor of mating success (GLMM: b ¼ 0.08, s.e. ¼ 0.02, p ¼ 0.002). Male relatedness to the female was negatively associated with the probability of mating (b ¼ 20.90, s.e. ¼ 0.14, p , 0.0001). Male age was also a significant predictor of mating success ( p , 0.0001), with 12-to 14-year-old males having the lowest success. Finally, after controlling for all of these factors, we found that a male's grooming rate with the alpha was positively and significantly associated with his likelihood of mating (b ¼ 0.07, s.e. ¼ 0.02, p ¼ 0.01; table 2), supporting the concession model.
Discussion
Incomplete control and concession models present alternative mechanisms to explain reproductive and mating skew among Table 1 . Factors associated with the degree of alpha male mating monopoly. The alpha males in our study were observed to copulate with maximally swollen parous females between 47 and 303 times (mean + s.d. ¼ 166 + 95). We conducted likelihood-ratio tests (LRT) to evaluate the significance of fixed effects. In each comparison, a single parameter was dropped and this reduced model was compared to the full model. Akaike Information Criterion (AIC) values in the table are model values, after the terms in the rows were dropped, one at a time. Higher AIC values indicate that dropping the particular term resulted in a model that was a worse fit to the data. The alpha 'FG' was the reference category for 'alpha identity' (ID). For Tukey contrasts between each pair of alphas, see electronic supplementary material, Figure 1 . Elo rating and grooming index values of the males that copulated, compared to the mean values of all non-alpha males present in the party. The values of non-alpha males that successfully copulated were, on average, higher than the mean values of all non-alpha males present in the party. Note that because the scales of these predictor variables differ substantially, these percentages are not directly comparable.
rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20162071 social mammals [5, 8] . Here, in a wild chimpanzee community, we found evidence supporting both hypotheses. The number of male competitors and maximally swollen parous females present when a copulation took place decreased the likelihood that it was the alpha male who mated, replicating previous studies of wild chimpanzees that supported incomplete control models [19, 21, 22] . Furthermore, when the alpha male was present, subordinate males had a higher likelihood of mating if they were high ranking, provided that the party was of average to large size (in smaller parties, rank was less important). This indicates that an alpha male's ability to monopolize access to females was compromised by his rivals' competitive ability. Age also predicted subordinate male mating success, a result that was driven mostly by males that were at least 15 years old being more successful than males that were 12 to 14 years old (i.e. adults and adolescents, approximately [47] ). That the age effect held after accounting for rank, which has an inverted-U relationship with age [48] , suggests that adult males are more successful than adolescents at using alternative mating strategies (e.g. coercion [26] [27] [28] ). Compared to previous paternity data from this community [22] , in which males aged 15 to 19 sired the most offspring, we found that males aged 30-34 had the highest mating success.
Our results also demonstrate that males who groomed more with the alpha male had increased mating success (when the alpha was also present). This suggests that alpha males are more tolerant of copulations by males with whom they groom frequently, supporting the existence of mating concessions in this population. Broadly, this finding supports the prediction that concessions are likely to be found in multimale/multi-female societies in which males form coalitions [8] . In this respect, frequent grooming between the alpha and subordinate males may reflect attempts by the alpha to maintain the support of coalition partners [32, 49] . Indeed, social support is important to the acquisition and maintenance of dominance rank in chimpanzees [24, 50] , in which males exhibit strong and durable social bonds (of which grooming is a critical component) and regularly form coalitions [18, 23, 51] . As a consequence, alpha male chimpanzees may face a trade-off between mating monopoly and tenure length [32] . Specifically, alpha males may trade or concede mating opportunities (and paternity) in exchange for coalitionary support, and consequently achieve longer tenures and greater lifetime reproductive success. The effectiveness of this strategy is likely to vary, however, in relation to the degree of control that Table 2 . Factors associated with non-alpha male mating success. There were a total of 27 males in our sample, 24 of whom were observed to copulate. The number of males in the community during each alpha male tenure ranged from 8 to 13 (mean + s.d. ¼ 11 + 1.6). When the alpha male was present in the party, these males successfully copulated between 4 and 469 times (mean + s.d. ¼ 130 + 126). We conducted likelihood-ratio tests (LRT) to evaluate the significance of fixed effects. In each comparison, a single parameter or interaction was dropped and this reduced model was compared with the full model. The 12-to 14-year-old age bin was the reference category for 'male age.' For Tukey contrasts between each pair of age bins, see electronic supplementary material, Figure 2 . The effect of the interaction between dominance rank (Elo rating, Z-transformed) and the number of males in the party (Z-transformed) on mating success. Values above or below 1 reflect dominance ranks and male party sizes that are above or below average, respectively. As the number of males increased, high rank became a stronger predictor of non-alpha male mating success.
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an alpha has over mating access. Relatively large-bodied alpha males, in prime condition, should be less likely to exhibit mating concessions than smaller or past-prime alphas that depend on alliances to maintain their position in the dominance hierarchy. This would be consistent with previous research linking alpha male behavioural styles to body size [36] . Together with the prior study in the Kanyawara chimpanzee community [32] , our results suggest that alpha male chimpanzees concede matings as a long-term reproductive strategy. This finding was consistent across populations, despite the use of a different metric (grooming rather than coalitions). Although coalitions are more directly linked to rank maintenance in chimpanzees [50] , grooming plays a key role in male social relationships and male-male competition [23, 50, 51] . Moreover, rates of grooming and coalitions are positively correlated [52, 53] .
A stronger test of the concession model in chimpanzees would be to observe whether the effect of grooming on copulation probability only exists when the alpha is present; however, the alpha male is almost always present in parties containing maximally swollen parous females, therefore the sample size of copulations in his absence is prohibitively small. To test whether concessions involve a short-term exchange of grooming for tolerance [51] , future studies should explore the impact of grooming directionality on non-alpha mating success and record the social context in which matings take place (e.g. [49] ). These data would clarify whether there is a temporal association between grooming given and mating success. Finally, future work should also consider that the probability of conception in chimpanzees is highly variable within and between cycles [54] ; the frequency of mating concessions may therefore vary in relation to female physiological status (e.g. periovulatory periods or conceptive cycles).
Despite the evidence of mating concessions in two chimpanzee communities, the effect of concessions on tenure length is likely to be small. This is because incomplete control models remain a more dominant explanation for the broad patterns of male reproductive skew in chimpanzees. Specifically, these models are consistently supported in several communities in which the number of sexually swollen females and male competitors reduce male mating skew (this study) and reproductive skew [19, 21, 22] . Several other factors (see Introduction) also suggest that alpha male chimpanzees typically have limited control over access to mates, and some degree of control is a prerequisite for being able to concede mating opportunities. This general lack of control therefore limits the long-term impact of concessions on tenure length.
Nevertheless, ceding matings to subordinates appears to be a strategy available to alpha males, and our results suggest that concessions should be included among the many factors that influence male mating skew in chimpanzees. To understand variability in the impact of concessions on reproductive skew and tenure length among social mammals more broadly, we recommend that future studies focus on species in which males form cooperative coalitions.
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